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The structure of the low-index surfaces of germanium near its bulk melting temperature is investigated using
100-ps time-resolved reflection high-energy electron diffraction. The surface is heated by 100-ps laser pulses
while a synchronized electron beam probes the structure. Ge~111! was observed to remain in its incomplete
melting structure up to at leastTm1134640 K when heated by a 100-ps laser pulse. Both the Ge~100! and
Ge~110! surfaces are observed to melt near the bulk melting temperature when heated with 100-ps laser pulses.
Because of the low-diffraction intensity-to-background ratio at high temperatures and because of the tempera-
ture uncertainty in the time-resolved experiments, we are unable to accurately identify the melting point of
Ge~100! and Ge~110! when heated with a 100-ps laser pulse. The results, however, favor the lack of surface
superheating of Ge~100! and, to some extent, Ge~110!. The superheating of the incomplete melting state of
Ge~111! could be due to the metallization of the top germanium bilayer and its interaction with the solid
underneath causing an energy barrier sufficient to allow for transient surface superheating.
DOI: 10.1103/PhysRevB.64.085410 PACS number~s!: 68.35.2p, 68.08.2p, 61.14.2x
I. INTRODUCTION
While the melting of solids has been studied for many
decades, our understanding of melting is mainly on the ther-
modynamical level, which does not describe the atomic pro-
cess during melting. Melting is believed to start from sur-
faces and extended defects. Surface disorder has been
investigated using molecular-dynamics~MD! simulations in
which the surface structure is modeled by an appropriate
potential. Several fcc metals have been studied using MD
simulations including Al,1–4 Au,5–11 Cu,12–17 Ni,18–19 and
Pb.20 The general observation of MD simulations suggests
that the propensity of a surface to remain ordered up to the
bulk melting point (Tm) is influenced by the surface orien-
tation, in agreement with the experimental studies. Close-
packed surfaces such as fcc~111! have been observed to re-
main ordered up toTm , while the open surfaces such as
fcc~110! premelt below the bulk melting temperature.
Supercooling of the melt has been observed for many
years, while the superheating of the solid is rarely observed
due to premelting~disorder! of the surface below the bulk
melting point.21 Close-packed surfaces that do not premelt
have been observed to superheat under certain conditions.
Superheating of Pb~111! and Bi~0001! was observed in time-
resolved reflection high-energy electron diffraction
~RHEED!.22–26 Di Tolla, Ercolessi, and Tosatti have devel-
oped a thermodynamic model on the superheating of
crystals.27 In their model, a melting surface is obtained when
Dg`,0, whereDg`5gSL1gLV2gSV is the net free-energy
change upon conversion of the solid-vapor~SV! interface in
two noninteracting solid-liquid~SL!, and liquid-vapor~LV !
interfaces separated by an infinite liquid thickness. For a
melting surface, the surface starts to melt at a wetting tem-
peratureTw below the bulk melting pointTm . The wetting
temperature is given byTw5Tm(12uDg`u/Lrj), wherej is
the correlation length between the SL and LV interfaces me-
diated by the liquid,r is the liquid density, andL is the latent
heat of melting. The thickness of the liquid layer is given by
d(T)5j ln@TmuDg`u/(Tm2T)Lrj#.
27 The thickness of the liq-
uid layer grows logarithmically with increasing temperature
and divergences atT5Tm , which is in agreement with the
experimental observation.28–31 Surface melting below the
bulk melting temperature was observed on some open fcc
metals such as Pb~110! and Al~110!.28–31A nonmelting sur-
face is obtained whenDg`.0. In this case, melting below
Tm is energetically unfavorable, and an energy barrier for
melting exists up to a temperatureTs5Tm(11Dg` /Lrj),
which is above the bulk melting temperature. AboveTs the
surface melts. The metastable state atTm,T,Ts is called
the superheated~overheated! state.27 Ts is the maximum su-
perheating temperature. Therefore, a surface with nonmelting
behavior could be superheated.
For Germanium,Dg`543 mJ cm
22.32 This value is for an
average atomic surface packing density and does not con-
sider the effect of the surface orientation.Dg` is, however,
dependent on the surface orientation;Dg` is higher for the
close-packed surfaces like fcc~111! and fcc~100! than for
open surfaces such as fcc~110!.33 The studies on Pb low-
index surfaces provide an experimental evident on the de-
pendence of the surface melting behavior on the surface ori-
entation. Our time-resolved RHEED provides a way to
transiently heat the surface to a state above the bulk melting
temperature in a 100-ps time scale, while the synchronized
100-ps electron pulse probes the surface structure. A similar
pump-probe technique, time-resolved low-energy electron
diffraction ~LEED!, was first used by Becker, Golovchenko
and Swartzentruber to investigate pulsed laser annealing of
the Ge~111! surface with nanosecond temporal resolution.34
While the orientation dependence of the structural properties
of 100-ps laser-heated metal surfaces was studied before,26
no such a study was conducted before on a semiconductor
surface. Germanium offers an excellent semiconductor mate-
rial to study this orientation dependence of the transient
structural properties at high temperatures because it is an
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elemental semiconductor with low vapor pressure nearTm ,
which allows conducting experiments without interference of
significant surface evaporation effects. This is not the case
for Si because it has a significant vapor pressure near its bulk
Tm . In this paper, we present time-resolved RHEED experi-
ments on the three low-index surfaces of Ge in order to in-
vestigate the melting behavior of these surfaces under ul-
trafast laser transient heating. Following a brief description
of the experimental method in Sec. II, we present in Sec. III
results of the structural studies of Ge~111!, Ge~100!, and
Ge~110! at high temperatures near the bulk melting point.
The results are summarized in Sec. IV.
II. EXPERIMENTAL METHODS
The experiments are performed on the time-resolved re-
flection high-energy electron diffraction system schemati-
cally shown in Fig. 1.35–36 The fundamental beam of a
Nd:YAG laser ~l51.06mm, full width at half maximum
(FWHM)5100 ps! is split into two beams. The first beam is
amplified and interacts with the sample surface at near-
normal incidence, providing a pulsed transient heating
source. The second beam is frequency quadrupled to the ul-
traviolet (l50.266mm) and is incident on the cathode of a
photoactivated electron gun, producing electron pulses. The
strong acceleration electric field~;6 kV/mm! between the
cathode and the extraction pinhole minimizes space-charge
effects that, otherwise, could cause the temporal broadening
of the electron pulse. Therefore, The temporal width of the
electron pulse is comparable to that of the fundamental laser
pulse. The resulting electron pulses, with 50-Hz repetition
rate, at which the laser operates, are incident on the surface
of the sample in the glancing angle of the RHEED geometry,
and hence, probe the first few atomic layers. The diffracted
electrons are amplified by a chevron microchannel plate as-
sembly proximity focused to a phosphor screen. The result-
ing RHEED pattern on the phosphor screen is lens imaged
onto a charge-coupled device camera for quantitative analy-
sis.
The pulse-to-pulse heating laser fluctuation is within
610%. The spatial nonuniformity of the beam across the
sample is controlled within615% by making the full width
at half-maximum~FWHM! of the heating laser beam spatial
profile on the surface more than the sample size. The heating
laser pulse and the electron probe pulse are temporally syn-
chronized on the surface of the sample. An optical delay line
is used to set different delay times between the heating laser
pulse and the electron probe pulse. This allows the RHEED
patterns to be monitored throughout the laser-induced tran-
sient heating process. A total of 3000–5000 laser pulses are
used to acquire each datum.
Germanium single-crystal wafers cut to (111)60.2°,
(110)60.3°, and (100)61° orientations are used. The
Ge~111! and Ge~100! wafers are undoped with a resistivity
of 42–45 Ohm cm and 47–55 Ohm cm, respectively. The
Ge~110! wafers areN-type doped with resistivity in the 1.91
to 2.49 Ohm cm range. All the studied surfaces are polished
for epitaxy ready by the manufacturer. The small miscut
angles of the vicinal surfaces minimize effects caused by
terraces, steps, and step edges. The sample is heated during
the experiment by passing through it direct current. At the
low-temperature range, the surface temperature is monitored
by anR-type thermocouple pressed against the surface of the
sample with an estimated uncertainty of62 °C. At the high-
temperature range, the surface temperature is measured with
an infrared pyrometer, which is calibrated to the melting
point of the bulk Ge using an emissivity of 0.46. The accu-
racy of the pyrometer measurement is estimated to be
610 °C. The time-resolved RHEED system is operated in
ultrahigh vacuum operating in the low 10210Torr range. The
samples are cleanedin situ by cycles of Ar1 bombardment at
about 500 °C followed by annealing at 700 °C for 10 to 30
minutes. The samples are always kept at 500 °C between
experiments. An Auger analyzer is used to check surface
cleanness before each experiment. No detectable impurities
are observed during data acquisition.
The time-resolved RHEED system can also be operated at
the continuous mode in which an UV lamp is used to illumi-
nate the cathode of the photoactivated electron gun, produc-
ing a steady continuous electron beam. This mode of opera-
tion is used to characterize the temperature dependence of
the surface structure. This temperature dependence of the
RHEED intensity serves as a calibration for converting the
time-resolved diffraction intensity to a transient surface tem-
perature rise. For the experiments discussed here, the elec-
tron energy for the photoactivated RHEED gun operated in
both pulsed and continuous mode is 21 keV.
III. EXPERIMENTAL RESULTS
A. Transient heating of germanium surfaces
by 100 ps laser pulse
The transient temperature of the germanium surfaces
heated by the laser pulses are obtained by monitoring the
FIG. 1. Experimental setup for time-resolved reflection high-
energy electron diffraction. The fundamental of a Nd:YAG laser
(l51.06mm, FWHM5100 ps! is split into two beams. The first is
amplified and heats the sample surface. The second is frequency
quadrupled to the ultraviolet (l50.266mm) and is incident on the
cathode of a photoactivated electron gun producing electron pulses
synchronized with the laser pulses and used for RHEED.
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RHEED streak intensity with time in the pump-probe setup
and relating this to RHEED intensity with the surface tem-
perature as measured for continuous heating.37 In the case of
100-ps laser-pulsed heating, the rate of the surface tempera-
ture rise and decay is on the order of 1012K/sec. The lattice
vibration frequency is about 1013 per second, while the time
duration ~FWHM! of the probe electron beam in our time-
resolved RHEED is;100 ps. Therefore, the time-resolved
RHEED intensity attenuation represents the dephasing effect
of the thermal vibration due to the surface temperature in-
crease when no phase transition occurs. As the first step to
measure the transient surface temperature caused by the laser
pulse, the RHEED intensity is calibrated to the static tem-
perature measurements with the photoactivated electron gun
operated in a continuous mode. In this case, an ultraviolet
lamp is used in place of the pulsed-laser beam to illuminate
the cathode of the photoactivated electron gun. The tempera-
ture dependence of the RHEED intensity is then used to
obtain the transient surface temperature rise during laser-
pulse heating.
The time-resolved RHEED intensity measurements are
performed to determine the laser-induced transient tempera-
ture rise on the Ge~111! surface below the high-temperature
phase transition.38 The time-resolved RHEED intensity nor-
malized to that at a base temperature is obtained for different
delay times between the laser heating pulse and the electron
probe pulse. The transient surface temperature rise can be
extracted using the calibration of the temperature depen-
dence of the RHEED intensity. The surface temperature rise
is at its maximum at0 when the probe electron pulse arrives
on the surface at a time near the end of the heating laser
pulse, i.e., at maximum reduction in RHEED intensity. We
have not included convolution effects due to the fact that the
electron probe pulse width is comparable to the laser heating
pulse width. These effects are small due to the relatively low
thermal conductivity of Ge, thus, surface temperature decay
time is much slower than the electron probe pulse width. The
transient surface temperature rise is in good agreement with
the classical heat-diffusion model.39 This measurement is
conducted with the sample kept at different base tempera-
tures ranging from 300 to 910 K as shown in Fig. 2. We note
that the effect of laser transient heating on the diffraction
pattern is larger at the higher-base temperatures than for that
at the lower-base temperatures when subjected to the same
laser-peak fluence. This is due to the temperature depen-
dence of the material parameters, especially the optical-
absorption coefficient. As shown in Fig. 2, the maximum
transient surface temperature rise at the base temperature of
830 K pumped by the same laser fluence increases two times
more than that near room temperature, where the error bar
indicates the nonuniformity of the laser-beam profile across
the sample surface. For Ge~100! and Ge~110!, the same mea-
surements were performed to obtain the maximum transient
surface temperature rise by heating with the laser pulse at
high base temperatures. The results in Fig. 2, also show that
the transient laser heating is independent of the surface ori-
entation within the experimental error. This is in agreement
with the classical heat diffusion model, since the material
parameters, i.e., heat capacity, thermal conductivity, optical
reflectivity, and optical-absorption coefficient do not vary
much with the orientation.
The maximum transient temperature rises on the germa-
nium surfaces are related to the peak fluence of the heating
laser pulse. This relation is used to determine the maximum
surface temperature rise for a given laser-peak fluence. The
maximum surface temperature rise is proportional to the la-
ser peak fluence when the latent heat of the phase transition
is negligible compared to the laser-pulse energy, which is the
case for a surface phase transition. The surface temperature
rise extracted from the time-resolved RHEED intensity is
also lower than the actual value near the time at the maxi-
mum reduction of the RHEED intensity due to the convolu-
tion effect. This effect is caused by the fact that the electron
probe pulse width is comparable to the laser heating pulse
width. Ideally, the electron probe pulse width should be
much less than the rise and decay times of surface tempera-
ture. For this temperature measurement, we are assuming
that the carriers and phonons are both in equilibrium with
themselves and with each other because of the relatively long
time ~.100 ps! considered in the present measurements. We
next discuss the results obtained for each of the three studied
surfaces.
B. Ge„111…
The temperature dependence of the Ge~111! surface prop-
erties near the Ge bulk melting temperatureTm has been the
subject of several studies. An anomalous reduction of the
sticking coefficient of O2 on the Ge~111! surface was first
observed by Lever at a temperature about 150 K below
Tm .
40,41This phenomenon was not observed on Ge~110! and
Ge~100!.42 It was first proposed by Lever that this drop in the
sticking coefficient is caused by a surface structural phase
ransition. In a low-energy electron diffraction~LEED!
study, McRae and Malic reported that the intensities of the
FIG. 2. Surface temperature rise at timet0 corresponding to
minimum RHEED intensity increases with base temperature for
germanium surface.d: Ge~111!, h: Ge~100!, s: Ge~110!. The
heating laser-pulse peak fluence is kept constant at 1.860.27
3108 W/cm2. The error bars account for the nonuniformity of the
heating laser fluence across the sample surface.
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surface diffraction peaks decrease rapidly near 1050 K and
saturate at a low but nonzero value above 1050 K.43,44 Their
observation suggested that the outermost few atomic double
layers lose lateral crystalline order in a continuous phase
transition with a critical temperatureTc of about 1058 K. An
ion-shadowing and blocking study using medium-energy ion
scattering, which is sensitive to short-range order, concluded
that 1–1.5 bilayers are positionally disordered at 1050 K.45
The thickness of the disordered bilayers remains constant up
to 25 K belowTm . The surface disorder transition observed
on Ge~111! has been concluded to be a type of ‘‘incomplete
melting’’ in which only the topmost bilayer on the Ge~111!
surface melts during the order-disorder phase transition, and
the thickness of this liquid bilayer remains constant up to
Tm . Further experiments on the Ge~111! surface using elec-
tron energy-loss spectroscopy~EELS!,46 Ge 3p x-ray photo-
electron diffraction and photoelectron holography,47,48 have
supported this incomplete melting model. On the other hand,
a synchrotron x-ray diffraction study has observed a lack of
surface roughening or surface melting, and suggested a pro-
liferation of surface vacancies in the first bilayer with a va-
cancy concentration as high as 50%.49 Using high-resolution
helium scattering, Meliet al. suggested that the phase tran-
sition at about 1050 K is an order-order type with the bilayer
spacing reduced by about 10% aboveTc .
50
Theoretical studies of the Ge~111! high-temperature phase
transition concentrated on the first-principle molecular dy-
namic~MD! simulation.51 In an MD simulation study of the
Ge~111! surface within 2% ofTm , McRaeet al.suggested
that the long-range disordering occurs only laterally on the
outermost bilayer while the layerlike ordering is maintained
up to the outermost bilayer.52 The MD simulation of Takeu-
chi, Selloni, and Tosatti has supported the incomplete melt-
ing model nearTm .
53 In this simulation, the disordering was
found to be confined to the first atomic bilayer, and this
disordered bilayer has a liquidlike diffusion and metallic
characteristics as for liquid germanium. Two physical rea-
sons have been postulated for the incomplete melting of a
semiconductor surface such as Ge~111!. A modified Landau
theory was developed by Chernov and Mikheev considering
the layering effect of a liquid layer in contact with the solid
substrate.54,55 When this model was applied to the Ge~111!
surface, where the layering effect is prominent due to the
stacking normal to the@111# direction, the surface was found
to be stable with only the topmost layer melting atTc .
45 An
energy barrier was shown to exist in this phase transition that
prevented the divergence of the liquid layer thickness. An-
other reason for incomplete melting of Ge~111! is based on
surface metallization, which arises from the attraction be-
tween the semi-infinite semiconductor and a thin metallic
film representing the top disordered layer. This attraction can
stabilize the liquid film thickness limiting its thickness for
Ge~111! to one bilayer up toTm .
53
Experimental results from low-energy electron diffrac-
tion, x-ray scattering, photoelectron diffraction, and helium
scattering have been explained based on incomplete melting
and metallization on the Ge~111! surface nearTm .
53 This
incomplete melting of Ge~111!, where a disordered film is
formed at a critical temperatureTc of about 1050 K and the
thickness of the film remains constant with increasing tem-
perature, is different from the surface melting transition ob-
served on open fcc metal surfaces, such as Pb~110! and
Al ~110!, where the thickness of the disordered film diverges
as the bulk melting temperature is approached.28–31 More-
over, incomplete melting of the Ge~111! surface is also pos-
tulated to be different from incomplete melting or nonmelt-
ing of metal surfaces, due to the exchange correlation
between the semi-infinite semiconducting germanium crystal
and thin metallic liquid germanium layer.56
Previously,38 we reported that the Ge~111! surface is
overheated 63623 K beyond the temperature of the thermo-
dynamic incomplete melting when subjected to 100-ps laser
pulsed heating. At higher temperatures, the surface remains
in the incomplete melting state in which only the topmost
bilayer disorders with the presence of order in the second and
deeper layers. Since our RHEED electron probe detects the
top 2–3 atomic bilayers, the growth of the topmost liquid
layer into the deeper layers could be observed. In order to
investigate the stability of this incomplete melting state at
high temperatures, even exceedingTm , induced by 100-ps
laser pulsed heating, time-resolved RHEED measurements
are performed with the optical delay line set at the point of
maximum reduction in the RHEED intensityt0 . The
RHEED streak intensity, normalized to that at a given base
temperature, is obtained for various laser peak fluences. The
sample base temperature is kept at 1077 K. At this tempera-
ture, the incomplete melting is present on the Ge~111! sur-
face. Results are shown in Fig. 3, which are obtained for the
~00! and ~01! RHEED streaks with the electron-beam inci-
dent along the@11̄0# and@12̄1# azimuths. It is shown in Fig.
3 that the Ge~111! surface retains the residual order up to a
FIG. 3. Variation of the time-resolved Ge~111! RHEED inten-
sity, normalized to that at a base temperature of 1077 K, with heat-
ing laser peak fluence. The diffraction intensity is obtained at time
t0 when the RHEED intensity is at its lowest point, which is near
when the surface temperature is at its maximum. The electron beam
angle of incidence is;2.4°. m: ~00! streak andL: ~01! streak, the
electron beam is incident along@11̄0#. j: ~00! streak ands: ~01!
streak, the electron beam is incident along@12̄1#. The maximum
temperature rise on the Ge~111! surface is found to be 219633 K
for a laser peak fluence of 1.860.273108 W/cm2.
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laser peak fluence of (2.260.3)3108 W/cm2 corresponding
to a maximum surface temperature of 1344640 K, where the
maximum transient surface temperature rise was obtained for
the corresponding laser peak fluence using Fig. 2 with a base
temperature of 830 K. The obtained maximum surface tem-
perature rise is lower than the actual value due to convolu-
tion effect and the higher base temperature in Fig. 3~1077
K!. This indicates the stability of the incomplete melting
state of Ge~111! surface at 134640 K beyond the bulk melt-
ing point ~1210 K!. The indicated errors are due to the non-
uniformity of the laser beam across the probed sample area.
Above (2.260.3)3108 W/cm2, the RHEED intensity was
observed to disappear into the background due to incomplete
melting growing vertically into layers under the top atomic
bilayer of the Ge~111! surface.
Further experiments are performed to examine the tempo-
ral behavior of the growth of melting. In these experiments,
the normalized RHEED streak intensities are obtained at
various delay times between the laser heating pulse and the
electron probe pulse. Time-resolved RHEED intensity of the
~00! and ~01! streaks for different incident laser peak flu-
ences are shown in Figs. 4~a!–4~d!. The base temperature of
the surface is 1077 K. For these measurements, the maxi-
mum transient surface temperature rise is related to the cor-
responding laser peak fluence using Fig. 2, obtained for a
base temperature of 830 K. In Figs. 4~a!–4~c!, the sample is
heated to a maximum surface temperature of 1186617,
1230623, and 1317636 K, when subjected to a laser peak
fluence of 0.9060.143108, 1.2660.193108, and 1.98
60.303108 W/cm2 across the probed sample area, respec-
tively. For these cases, the experimental data show qualita-
tive agreement with what is expected from heat diffusion; a
rapid decrease in the normalized streak intensity followed by
an increase as the heat is conducted to the bulk.
In Fig. 4~d!, a laser peak fluence sufficient to heat the
Ge~111! surface to a maximum surface temperature of 1427
653 K is used. This temperature is above the maximum su-
perheating temperature of 13446 0 K observed for the
Ge~111! surface covered with an incomplete molten layer
when subjected to 100-ps laser heating pulse. For this set, the
time-resolved RHEED intensity shows an initial fast de-
crease down to the background intensity level within about
200 ps. The RHEED intensity remains at a background level
for about 0.5 ns, indicating the melting duration of the sur-
face into deeper layers. The RHEED intensity is observed to
increase back slowly indicating the start of the surface re-
crystallization during cooling by heat diffusion into the bulk.
In all of the experiments reported here, no permanent dam-
age is observed on the surface, and the surface recovers to its
initial condition following the laser pulse. All experiments
are conducted at a 50 Hz repetition rate.
Therefore, we conclude that the Ge~111! incomplete sur-
face melting state superheats and remains stable up to at least
Tm1134640 K. In this superheated state the top quasiliquid
bilayer on the Ge~111! surface remains stable when heated
by 100-ps laser pulses and do not propagate deeper. For laser
fluences raising the surface temperature above that maximum
stability temperature, melting propagates into deeper layers.
The superheating of the Ge~111! incomplete melting state
could be attributed to the metallization of the top bilayer
leading to interaction between the top metallic bi-layer and
the semi-infinite semiconductor underneath stabilizing the
liquid film as proposed by Takeuchi, Selloni and Tosatti.53
Another form of an energy barrier for melting, such as a
strong layering effect on the topmost atomic 1–2 bilayer,
might be involved.45 However, this later mechanism was
ruled out by Takeuchi, Selloni and Tosatti as a possible ex-
planation for the incomplete melting transition on Ge~111!
under slow equilibrium heating conditions.53
C. Ge„100…
The next surface we have studied is Ge~100!. The
Ge~100! surface is characterized by a strong short-range re-
construction with a weaker long-range ordering across the
domains. The termination of the bulk lattice of Ge~100!
leaves two dangling bonds-per-surface atom. This leads to
the formation of rows of buckled and asymmetric dimers that
minimize the surface free energy.57–59 The dimerization re-
sults in a (231) reconstruction at the surface. Two 231
domains rotated by 90°, are generally observed. Regions of
local 231 and c(432) and p(232) symmetry are also
observed.58 Surface x-ray diffraction measurements show
that the reconstructed Ge~100! surface undergoes a reversible
(231)⇔(131) phase transition atTc5955 K.60 There are
two conflicting models proposed on the nature of this surface
phase transition. The first model was proposed by Johnson
et al. who suggested that this phase transition is accompa-
nied with adatom-vacancy creation and dimer break-up on
the Ge~100! surface.60 The adatom-vacancy creation during
the phase transition is supported by the change of the
FIG. 4. Time-resolved normalized RHEED intensity@d: ~00!
streak,h: ~01! streak# versus delay time between the electron prob-
ing pulse and the laser heating pulse with the Ge~111! surface sub-
jected to different laser-peak fluences (I p). The electron beam is
incident along the@12̄1# direction at an angle of;2.4°. The
Ge~111! surface is maintained at a base temperatures of 1077 K.~a!
I p50.9060.14310
8 W/cm2; ~b! I p51.2660.19310
8 W/cm2; ~c!
I p51.9860.30310
8 W/cm2; ~d! I p52.8860.43310
8 W/cm2.
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integrated intensity of the fractional order beams of X-ray
diffraction during the phase transition and the observation
that the FWHM of fractional order beams remain the same
up to Tc of the phase transition. At temperatures above 980
K the specular intensity of X-ray diffraction was shown to
saturate to the background. This behavior was shown to be
reversible if the maximum temperature was kept below 1020
K.60 If the surface was taken above this temperature, a sig-
nificant increase in surface roughening was observed as in-
dicated by the rapid drop in the reflected intensity.
This observed surface-roughening behavior is different
from surface melting observed on metal surfaces for which
the surface order changes continuously across the
transition.28–31 Thus, the X-ray study of the Ge(100)-(2
31)2(131) phase transition excludes domain size reduc-
tion caused by the creation of steps or the domain-wall
movement during the surface phase transition. It was con-
cluded from X-ray diffraction that the (231)2(131)
phase transition involves an assisted breakup of dimers with
some vertical atomic movement.60 Since the low-temperature
stability of the Ge~100! surface is due to partially accommo-
dating of dangling bonds by the reconstruction forming
dimers, it is not surprising that surface roughening is accom-
panied with disappearance of the reconstruction. As the sur-
face becomes increasingly more disordered, the average
number of dimers destroyed per newly formed adatom-
vacancy pair falls. The defects form the nuclei for further
disordering, since locally, the energy penalty for disordering
is lowered. Thus, the Ge(100)-(231)2(131) phase tran-
sition accelerates as a function of temperature and the frac-
tional order intensity of x-ray diffraction was observed to
drop precipitously. The surface becomes further roughened
above 980 K where the roughening involves step creation
and movement.60
The second model describes the nature of the phase tran-
sition as domain-wall movement with the number of dimers
conserved during the phase transition. The adatom-vacancy
proliferation during the phase transition was first questioned
by a He-atom scattering study, where the domain-wall pro-
liferation was observed.61 Moreover, the dimer breakup
model was rejected based on an extended spectroscopic
study of the Ge three-dimensional~3D! surface core-level
shift. This study showed conservation of the total number of
dimers through both thec(432)2(231) and (231)2(1
31) surface phase transitions up to 1143 K.62–64 Therefore,
these experiments suggested the (231) domain-wall prolif-
eration instead of dimer breakup during the high-temperature
phase transition at 950 K with an order-disorder character.
The (231) long-range order is gradually lost as the domain
walls start to proliferate. An increase in the step density was
also observed from the broadening of the He-atom specular
~00! beam. Step creation was shown to be only partially in-
volved in the disordering of the (231) phase.65 At tempera-
ture higher than the Ge(100)-(231)2(131) phase transi-
tion, another phase transition was reported from valence-
band photoemission study, where a discontinuity in the
emission intensity at Fermi level was observed.64
In order to investigate the stability of the Ge~100! surface
at high temperature for 100-ps laser pulsed heating, time-
resolved RHEED measurements were performed with the
optical delay line set at0 . The RHEED streak intensity,
normalized to that at a given base temperature, is obtained
for various laser peak fluences. Results are shown in Fig. 5
for two pump-probe scans with base temperatures of 893 and
983 K, which are obtained for the~00! and ~01! RHEED
streaks with the electron-beam incident along the@011# azi-
muth. It is shown in Figs. 5~a! and 5~b! that the Ge~100!
surface melts at laser peak fluences of 2.460.43108 and
1.660.33108 W/cm2 corresponding to maximum surface
temperatures of 1154639 and 1156 26 K, respectively.
The maximum transient surface temperature rises are ob-
tained for the corresponding laser peak fluences using Fig. 2
for Ge~100! with the base temperatures of 893 and 983 K.
The indicated errors are only due to the nonuniformity of the
laser beam across the probed surface area. For these two sets,
the Ge~100! surface disorders near the bulk melting point
when subjected to 100-ps laser pulsed heating. The experi-
mental error in this data set, convolution effect due to
electron-beam pulse width, and the low RHEED intensity
due to the proliferation of vacancies do not allow us to con-
clusively determine the melting point of the Ge~100! surface.
However, the results favor the lack superheating, in contrast
to the Ge~111! surface for which superheating is clearly ob-
served. Although the temperature reported above for the dis-
appearance of the diffraction pattern is below the bulk melt-
ing point, we point that convolution effects and the higher
base temperature than that for the calibration in Fig. 2 results
in a higher transient surface temperature. In addition, the
high RHEED background makes it difficult to detect any
long-range surface order. Thus, the melting temperature is
expected to be higher than that mentioned above and is prob-
ably at or close toTm . Surface complete melting of semi-
conductors are assumed to be energetically disallowed be-
cause of the negative Hamaker constant.53,66
Further experiments were performed to examine the tem-
poral behavior of the melting process. In these experiments,
normalized RHEED streak intensities were obtained at vari-
ous delay times between the laser heating pulse and the elec-
FIG. 5. Time-resolved RHEED intensity@d: ~00! streak,h:
~01! streak# normalized to that at base temperature for different
heating laser-peak fluences for Ge~100!. The electron beam is inci-
dent along the@011# direction at an angle of;2°. ~a! Base
temperature5893 K; ~b! Base temperature5983 K. The RHEED
intensities are obtained at the timet0 .
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tron probe pulse. Results for different incident laser peak
fluences are shown in Fig. 6. The sample base temperature is
kept at 893 K. For these measurements, the maximum tran-
sient surface temperature rises are related to the correspond-
ing laser peak fluences using Fig. 2 for Ge~100! with the
base temperature of 893 K. In Figs. 6~a!–6~c!, the sample is
heated to a maximum surface temperature of 10116 8,
1050624, and 1128635 K, when subjected to laser peak
fluences of (1.0860.16)3108, (1.4460.22)3108, and
(2.1660.32)3108 W/cm2 across the probed surface area, re-
spectively. For these cases, the experimental data agree with
the expected trends for heat diffusion: a rapid decrease in the
normalized streak intensity followed by an increase as the
heat is conducted into the bulk.
In Fig. 6~d!, a laser peak fluence of (2.5260.38)3108 is
sufficient to heat the sample to a maximum surface tempera-
ture of 1172642 K. For this set, the time-resolved RHEED
intensity shows an initial fast decrease down to almost back-
ground level within;200 ps. This remains for;0.5 ns,
which is interpreted as the melting duration of the Ge~100!
surface. After that, the RHEED intensity increases back
slowly indicating the appearance of surface long-range order
during cooling by heat diffusion to the bulk.
In another set of experiments, the laser peak fluence is
fixed at 1.860.273108 W/cm2 while the base temperature is
varied. The results are shown in Figs. 7~a!–7~d! for base
temperature of 735, 833, 893, and 983 K, respectively. In
Figs. 7~a!–7~c!, the maximum transient temperatures are
900625, 1029629, and 1088629 K, which are obtained
from Fig. 2 for Ge~100! with the corresponding base tem-
perature. For these sets of measurements, the surface is ob-
served to remain in order. In Fig. 7~d!, the maximum tran-
sient temperature is 1179629 K, which is obtained from Fig.
2 for Ge~100! with base temperature of 893 K. As mentioned
before, the actual maximum transient temperature is ex-
pected to be higher than that due to the convolution effect
and the higher base temperature than that for the calibration.
The normalized RHEED intensity is observed to remain
within the background level for;3 ns followed by a slow
recovery indicating recrystallization due to heat conduction
to the bulk. For this measurement, the surface is observed to
melt near the bulk melting temperature when subjected to
100-ps laser-pulsed heating. The data favor the view that no
residual order is present above the bulk melting point for the
Ge~100! surface.
In summary, the time-resolved RHEED results show that
the Ge~100! surface melts near the bulk melting pointTm for
transient heating with 100-ps laser pulse in contrast to the
superheating of the Ge~111! surface. The experimental error,
convolution effect, and low RHEED intensity because of the
proliferation of vacancies do not allow us to conclusively
determine the melting point of Ge~100! under transient laser
heating. However, the results favor the lack of superheating
of the Ge~100! surface and show a strong contrast between
t ansient melting behavior of the Ge~111! and Ge~100! sur-
faces.
D. Ge„110…
The final surface considered is Ge~110!. Of the three low-
index surfaces of germanium, the Ge~110! surface is by far
the least studied. From studies of valence band and Ge 3D
core-level photoemissions, a surface phase transition has
been observed with a weak surface metallization at 800
K.67,68 This metallic behavior of the surface was found to
FIG. 6. Time-resolved normalized RHEED intensity@d: ~00!
streak,h: ~01! streak# versus delay time between the electron prob-
ing pulse and the laser heating pulse for Ge~100! subjected to dif-
ferent laser-peak fluences (I p). The electron beam is incident along
the @011# direction at an angle of;2°. The Ge~100! surface is
maintained at a base temperatures of 893 K.~a! I p51.0860.16
3108 W/cm2; ~b! I p51.4460.22310
8 W/cm2; ~c! I p52.1660.32
3108 W/cm2; ~d! I p52.5260.38310
8 W/cm2.
FIG. 7. Time-resolved normalized RHEED intensity@d: ~00!
streak,h: ~01! streak# versus delay time between the electron prob-
ing pulse and the laser heating pulse with the Ge~100! surface sub-
jected to a laser-peak fluence (I p) of 1.860.27310
8 W/cm2 with
different base temperatures.~a! 735 K; ~b! 833 K; ~c! 893 K; ~d!
983 K. The electron beam is incident along@011# at an angle of
;2°.
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increase continuously up to 1110 K. An abrupt and intense
jump of the photoemission intensity at Fermi level was also
observed at 1110 K.67 This discontinuity in the photoemis-
sion intensity was attributed either to a further breakdown of
surface atomic bonds or to the onset of an incomplete melt-
ing phase transition at 1110 K similar to the reported behav-
ior of the adatom-restatom of Ge~111!.
Reconstruction on the Ge~110! surface shows uncommon
features: ac(8310) structure appears at temperatures below
650 K, a 2316 superstructure is observed at the tempera-
tures above 650 and below 700 K, reappearance of thec(8
310) structure is obtained above 700 K.69–71 These recon-
structions are identified to be formed by adatoms. Ideally
terminated Ge~110! exposes zigzag atomic rows along the
@11̄0# direction with second-layer zigzag rows displaced
relatively by half spacing to the first layer. Each atom at the
first layer has one dangling bond. At temperatures below 650
K, the surface free energy was shown to minimize locally
with adatoms forming zigzag trains of polygons along the
@22̄5̄# direction. The trains are thought to run along the
@22̄5# direction as well. The adatom polygons were found to
have symmetry of a ‘‘centered’’ 8310 periodicity, with the
sides of the unit mesh along the@11̄0# and @001#
directions.69–71 The Ge(110)-c(8310) reconstruction was
observed by LEED, RHEED, and scanning tunneling micros-
copy ~STM!.69–71 Ge(110)-2316 reconstruction was ob-
served using STM after surface cooling to 700 K from an
annealing temperature of 1000 K.70 Noro and Ichikawa pro-
posed a model for the Ge~110!-2316 reconstruction, where
the surface consists of a periodic up-and-down sequence of
terraces with a height difference of an@110# plane spacing.69
In their model, the parallel terrace steps are along the@11̄2#
direction. Zigzag adatom chains are formed on the terraces
with the chains running along the@11̄2# direction. The unit
mesh of the adatom chains has a translational symmetry of
2316 as for Si~110!.69 The c(8310) reconstruction has
been observed to reappear above 700 K with the fractional
order in RHEED patterns becoming less defined with in-
creasing temperature and fading in the high background
above 800 K.69 Ge 3D core-level photoemission study of
Ge~110! at high temperature has suggested a metallic surface
character above 750 K.67
In order to investigate the structural stability of the
Ge~110! surface at a high temperature induced by 100-ps
laser-pulsed heating, time-resolved RHEED measurements
were performed with the optical delay line set at0 similar to
measurements conducted on Ge~111! and Ge~100!. The
RHEED streak intensity, normalized to that at a given base
temperature, is obtained for various laser peak fluences. Re-
sults are shown in Fig. 8 for two pump-probe scans with base
temperatures of 1003 and 1080 K and obtained for the~00!
and ~11! RHEED streaks. The electron beam is incident
along the @ 1̄12# azimuth. It is shown in Fig. 8 that the
Ge~110! surface melts at laser peak fluences of (1.40
60.21)3108 and (0.8060.12)3108 W/cm2 for the two dif-
ferent base temperatures that gives a maximum surface tem-
perature of 1189628 and 1187616 K, respectively. The
maximum transient surface temperature rises were obtained
for the corresponding laser peak fluences using Fig. 2 for
Ge~110! with a base temperature of 910 K. For these two
sets, the Ge~110! surface melts near the bulk melting point
(Tm51210 K) when subjected to 100-ps laser heating. Con-
volution effects and using the calibration in Fig. 2 obtained
at a temperature lower than the sample-base temperature re-
sult in underestimating the maximum transient surface tem-
perature as described before.
Further experiments were performed to examine the tem-
poral behavior of the melting of Ge~110!. In these experi-
ments, normalized RHEED streak intensities were obtained
at various delay times between the laser heating pulse and
the electron probe pulse. Results for different incident laser
peak fluences are shown in Fig. 9. The sample base tempera-
ture is kept at 1003 and 1080 K. For these measurements, the
maximum transient surface temperature rises are related to
the corresponding laser peak fluences using Fig. 2 for
Ge~110! with a base temperature of 910 K. In Figs. 9~a! and
9~c!, the sample is heated to a maximum surface temperature
of 1147622 and 112867 K, when subjected to a laser peak
fluence of (1.0860.16)3108 and (0.36 0.06)3108 W/cm2
over the probed surface area, respectively. For these two
cases, the experimental data agree with that expected from
the classical heat diffusion: a rapid decrease in the normal-
ized streak intensity followed by an increase as the heat is
conducted into the bulk. For Fig. 9~b! the sample is heated to
a maximum transient temperature of 1195629 K by a laser
peak fluence of (1.4460.22)3108 W/cm2. In this case, the
maximum transient surface temperature is just enough to
cause surface melting.
In Fig. 9~d!, a sufficient laser fluence of (0.7260.11)
3108 W/cm2 is provided to heat the sample to a maximum
surface temperature of 1176614 K, according to the
RHEED measurement. If the convolution effect and the high
base temperature are considered, this maximum surface tem-
perature jump could be closer to the bulk melting point,Tm
51210 K. The lower-transient temperature rise obtained in
Fig. 9~d! than that obtained in Fig. 9~b! is attributed to the
FIG. 8. Time-resolved RHEED intensity@d: ~00! streak,h:
~11! streak# for Ge~110! normalized to that at base temperature
versus laser-peak fluence.~a! Base temperature51003 K; ~b! Base
temperature51080 K. RHEED intensities are obtained at the time
t0 . The electron beam is incident along the@ 1̄12# direction at an
angle of;2°.
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higher base temperature in Fig. 9~d!. For this case, the time-
resolved RHEED intensity shows an initial fast decrease
down to the background level within about 200 ps, followed
by ;1.5 ns with the RHEED intensity remaining within the
background indicating the melting duration of the surface.
Subsequently, the RHEED intensity increases back slowly
indicating the start of the surface recrystallization during
cooling by heat diffusion to the bulk.
In another set of experiments shown in Figs. 10~a!–10~d!,
the laser peak fluence is fixed at (1.860.27)3108 W/cm2 @
(1.4460.22)3108 W/cm2 for ~c!# while the base tempera-
ture is varied. In Figs. 10~a!–10~c!, the resulting maximum
transient temperatures are 1019629, 1106 29, 1160
624 K, below the bulk melting point. For these sets, the
experimental data agree with classical heat diffusion. For
Fig. 10~d!, the maximum transient temperature is 1205
629 K, which is very close to the bulk melting point. This
obtained value is the low limit due to the convolution effect
and the higher base temperature than that used in the calibra-
tion curve of Fig. 2. In this case, the normalized RHEED
intensity remains zero for;0.5 ns followed by slow recov-
ery indicating recrystallization due to heat conduction to the
bulk. In all of the experiments reported here, no permanent
surface damage is observed on the sample, and the surface
recovers to its initial condition before the next laser pulse.
In conclusion, the time-resolved RHEED results show
that the Ge~110! surface melts near the bulk melting point by
transient heating using 100-ps laser pulses. Although the ex-
act melting temperature of Ge~110! by 100-ps laser pulse
heating cannot be conclusively concluded from the data due
to the convolution effect and other experimental errors in the
time-resolved RHEED, the results favor the conclusion that
no residual order is retained on the Ge~110! surface signifi-
cantly above the bulk melting temperature. These results are
in contrast to the observation of clear superheating of the
Ge~111! surface under similar heating conditions.
IV. SUMMARY
In summary, we have investigated the structural behavior
of the three low-index surfaces of germanium at high tem-
peratures near its bulk melting point using 100-ps time-
resolved RHEED. Our time-resolved measurements show
that the incomplete melting state of the Ge~111! surface re-
mains stable at least up to 13446 0 K, which indicates the
superheating of the incomplete melted Ge~111! surface be-
yond the bulk melting point by at least 1346 0 K under such
transient heating conditions. For Ge~110! and Ge~100!, melt-
ing near the bulk melting point is observed when the two
surfaces are heated by 100-ps laser pulse. Because of the
low-diffraction intensity at high temperatures and the tem-
perature uncertainty in the time-resolved experiments, we are
unable to conclusively determine the melting point of these
surfaces in relation to the bulk melting pointTm under such
transient heating. The results, however, favor lack of surface
superheating of Ge~100! and, to some extent, of Ge~110! and
show clear difference in the high temperature transient struc-
tural stability of Ge~111! when compared to Ge~100! and
Ge~110!. This prominent difference in the structural stability
between Ge~111! surface and the Ge~100! and Ge~110! sur-
faces may be attributed to the metallization of the top bilayer
of Ge~111! leading to interaction between the top metallic
FIG. 9. Time-resolved normalized RHEED intensity@d: ~00!
streak,h: ~11! streak# versus delay time between the electron prob-
ing pulse and the laser heating pulse with Ge~110! maintained at
two different base temperatures and subjected to different laser-
peak fluences (I p). The electron beam is incident along the@ 1̄12#
direction at an angle of;2°. ~a! I p5(1.0860.16)310
8 W/cm2,
base temperature51003 K; ~b! I p51.4460.22310
8 W/cm2, base
temperature51003 K; ~c! I p50.3660.06310
8 W/cm2, base
temperature51080 K; ~d! I p50.7260.11310
8 W/cm2, base
temperature51080 K.
FIG. 10. Time-resolved normalized RHEED intensity@d: ~00!
streak,h: ~11! streak# versus delay time between the electron prob-
ing pulse and the laser heating pulse. The Ge~110! surface is sub-
jected to a laser peak fluence (I p) of 1.860.27310
8 W/cm2 except
for ~c! and the surface is maintained at different base temperatures.
~a! 823 K; ~b! 910 K; ~c! 1003 K (I p51.4460.22310
8 W/cm2);
~d! 1009 K. The electron beam is incident along the@ 1̄12# direction
at an angle of;2°.
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bilayer and the semi-infinite semiconductor underneath sta-
bilizing the liquid film as proposed by Takeuchiet al.53
Other forms of energy barrier for melting such as strong
layering effect on the topmost atomic 1–2 bilayer may also
be involved.45 This result extends our previous work on the
orientation dependent structural stability of fcc metals, which
showed that Pb~111! superheated while Pb~110! premelted
under transient heating conditions similar to those used in the
present study.26 The present paper also indicates that it is
possible to transiently superheat a surface with a quasi-
molten layer that does not propagate, in part, due to surface
metallization or strong layering effects. For the reported ex-
periments on Ge~111!, the base temperature before pulsed
laser heating was 1077 K at which only one surface bilayer is
melted. If we take the view that metallization of the top
bilayer and its interaction with the layers underneath pre-
vents the growth of this liquid layer up toTm for slow heat-
ing, then this mechanism of attraction could explain super-
heating under fast heating rates. Thus, the observed
superheated state can be viewed as a metastable state occur-
ring due to an energy barrier for growth of the quasimelted
surface bilayer. This is not the case for the Ge~100! and
Ge~110! surfaces for which the results indicate lack of any
measurable surface superheating.
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